Purpose. Isolating colonies and obtaining accurate colony counts from bacterial cultures are critical steps for the optimal management of infected patients. The uncertainties in the colony count results from the bacterial cultures were evaluated by verifying the performance of the WASP inoculation system according to the International Organization for Standardization (ISO) 15189 standard.
INTRODUCTION
During the last decade, clinical microbiology laboratories (CMLs) have had to adapt to new quality requirements in the context of increasing economic constraints, leading to automation and concentration processes [1, 2] . Furthermore, the central role of CMLs in the management of patients suffering from infections in an era of multidrugresistant organisms and antibiotic shortages has been highlighted [3, 4] . The interpretation of cultures in clinical bacteriology is generally considered to be a qualitative result that requires the ability to recognize pathogenic bacteria in the commensal flora. However, the interpretation of urine, catheter tips and respiratory sample cultures needs semi-quantitative assessment to establish a diagnosis of infection [5, 6] . These quantifications depend on factors that are independent of the bacteriologist, such as bacterial strain metabolism or the presence of antibiotics in the sample. Technical management of the specimen is also involved. For this reason, clinical diagnostic laboratories should focus on reducing the uncertainties of measurements using accurate, precise and reproducible methods. The International Organization for Standardization (ISO) 15189 : 2012 standard (https://www.iso.org/obp/ui/fr/#iso: std:iso:15189:ed-3:v2:en) specifies particular quality and competence requirements to reach this goal [7] .
Several studies have shown better isolation of bacteria from automated seeding machines than from manual inoculation [8] [9] [10] . Several automated systems are currently available: the InoqulA (Becton, Dickinson and Company, Kiestra Lab, Drachten, The Netherlands), the PreLUD (I2A, Montpellier, France), the PREVI Isola (formerly MicroStreak, bio-M erieux, Marcy l'Étoile, France) and the WASP (Copan Diagnostics, Brescia, Italy) [11] . Direct comparisons of these instruments are scarce [12] , and the existing studies have focused primarily on samples with readily automated seeding, such as urine and swabs, leaving out more complex clinical specimens of high clinical value, such as respiratory tract aspiration [8, 10, 13] .
In this study, we measured the uncertainties in the colony count results from the bacterial cultures through the performance evaluation of the WASP inoculation system according to the ISO 15189 standard. We described rapid procedures to achieve semi-quantitative cultures of the catheter tips and bronchopulmonary specimen (BPS) cultures. Finally, we examined the agreement of the results between the WASP and PREVI Isola automated systems and the manual method used in case of failure.
METHODS

Strains and bacterial suspensions
Five species were used for this study: four reference strains (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923 and Streptococcus pneumoniae CIP 104485) and one clinical strain of Klebsiella pneumoniae that was isolated from a liver abscess in our laboratory and exhibited a hypermucoviscous phenotype [14] .
Colonies of each bacterial species were obtained on Columbia agar with 5 % horse blood (COH agar; bioM erieux) at 35 C in 5 % CO 2 incubators. Monomicrobial suspensions were then prepared in saline solution and adjusted to a McFarland turbidity of 0.5 (DensiCheck, bioM erieux). Serial 10-fold dilutions in saline solution were performed to obtain different concentrations ranging from 10 8 to 10 3 c.f.u. ml
À1
and each concentration was controlled by plating 100 µl on COH agar as measured by a pipette. Polymicrobial suspensions were obtained by mixing three different monomicrobial suspensions at three different concentrations (Table 1) .
Sample collection
A total of 72 consecutive specimens were obtained from patients hospitalized in the Henri-Mondor University hospital, Cr eteil, France, in April 2015. Forty-six urine samples were collected on V-Monovette with boric acid (Sarstedt AG & Co., Nümbrecht, Germany), 13 wound samples were collected with E-swab (Copan, Brescia, Italy) and 13 BPSs were included. The samples were received in the clinical bacteriology department within 2 h after sampling, as recommended [5] . All samples were inoculated using manual, WASP and PREVI Isola methods. Dedicated enumeration reading grids were used for the automated methods (see [15] and this study). (ii) E-swab samples were inoculated onto trypticase soy (TS; Oxoid, Dardilly, France), Drigalski and CNA agar plates (bio-M erieux) incubated in aerobic incubators and COH agar incubated in anaerobic conditions. All media were incubated at 35 C for 48 h. (iii) BPSs were manually liquefied using a volume-to-volume dilution with mucolytic SL solution (Copan) and then inoculated on the same media as used for the E-swab samples with the addition of PolyViteX-supplemented chocolate agar (bioM erieux). These media were incubated in 5 % CO 2 incubators.
Media, inoculation and incubation
In the preliminary experiments, we identified the best of the four different inoculation protocols available from WASP to isolate all the species in the polymicrobial suspensions (data not shown). (i) For the urine samples, we used the single streak type 6 pattern with a 10 µl loop, which made a single central 2.5 cm long streak throughout the plate, followed by a zigzag pattern. (ii) For the E-swab samples, a 10 µl loop protocol inoculated the media by depletion with a fourquadrant type 4 pattern. (iii) For the BPS samples, a 30 µl loop protocol inoculated the media by depletion with the five-quadrant type 1 pattern. (iv) For the catheter tip culture, we adapted the semi-quantitative method routinely performed for many years in our laboratory, as follows [16] : the catheter tip was placed in 3 ml saline solution and vortexed for 1 min, and then the container was inoculated by the WASP instrument using the sensitivity streak 3Â pattern with threefold 10 µl loop streaking on the same COH agar.
The PREVI Isola automated system used a single 18 µl protocol as described previously [15] .
Manual inoculations were performed by two skilled technicians using the same protocols as WASP for the urine and E-swab samples. For the BPS samples, quantitative cultures were made by a serial-dilution method [6] . A visual representation of the seeding patterns is presented in Fig. 1 .
Performances analysis
In paragraphs 5.5.1.2 and 5.5.1.3, ISO 15189 : 2012 defines the performance of an analytical procedure that must be verified to the extent possible. However, the detection and quantification limits, as well as the analytical sensitivity and specificity of the bacterial culture, depend mainly on the bacterium tested, the culture media used and the incubation conditions. These parameters, which may affect the performance of an automated inoculation system, fall outside the scope of this study. We also focused our efforts on measuring the precision (including repeatability and reproducibility) and technical accuracy of the isolations obtained. The precision is the closeness of the agreement between the measured quantity values obtained by repeated measurements on the same or similar objects under specified conditions. The precision only reflects the random error distribution and has no relationship to the true value. It is classically evaluated by the combination of repeatability and reproducibility studies. The repeatability study allows the intra-series variability to be determined under well-defined conditions (same operator, same equipment, same laboratory, same series, etc.). The intra-laboratory reproducibility consists in evaluating inter-series variability. The sources of variations are numerous (operator, reagent batches and environmental conditions). In addition, it was necessary to establish the comparability of the results obtained by the different seeding methods available in our laboratory, as required by paragraph 5.6.4 of ISO 15189 : 2012. We conducted the verification process as follows.
Cross-contamination
The analytical specificity was evaluated by inter-sample contamination, alternating rich samples and sterile samples. Two sets of four brain heart infusion (BHI) broths were inoculated with E. coli and K. pneumoniae strains, respectively. After overnight incubation at 35 C, we performed the following sequence of inoculation: two BHI broths of E. coli, a sterile broth, two BHI broths of K. pneumoniae and a sterile broth; this sequence was performed twice consecutively. A 'urine protocol' was performed to inoculate UriSelect 4 agar plates with a 10 µl loop. The number of bacterial cells in the broths was over 10 7 c.f.u. ml À1 for both species as determined by colony counting via the serial dilution method.
Measurement precision of the WASP instrument
The repeatability (intra-series experiment) was assessed by a 20-fold repeat of the same experiment within 1 h: a 10 3 c.f.u. ml À1 E. coli suspension was plated on UriSelect 4 with a 10 µl loop and colony counts were made after incubation at 35 C. The reproducibility (inter-series experiment) was evaluated with the following experiment: a 10 4 c.f.u. ml À1 E. coli suspension was prepared in Schaedler broth with 20 % (v/v) glycerol. This concentration was chosen because of its clinical relevance as this threshold is used for the interpretation of cultures from clean catch voided urine and bronchoalveolar lavage samples. This suspension was frozen at À80 C. For 15 consecutive days, one sample of this suspension was thawed at 35 C for 30 min and plated (i) on UriSelect 4 agar with the 'urine protocol' and (ii) on COH and Drigalski agar with the 'catheter protocol'. Colonies were counted after incubation at 35 C for 24 h. A preliminary study on the repeatability of the bacterial colony count after manual seeding of the calibrated suspension at 10 3 c.f.u. ml À1 E. coli suspension showed a coefficient of variation (CV %)=50 % (data not shown). We defined a CV % <50 % as an acceptability criterion for the automated method. The measurement uncertainty is the margin of doubt that exists for the result of any measurement. The width of the margin was considered to be at least equal to the square root of the sum of the reproducibility variances obtained with different inoculation patterns on different non-selective media (UriSelect 4 and COH agar).
Development of enumeration reading grids for the WASP automated system
Monomicrobial suspensions were used to establish a specific reading grid for each inoculation protocol: urine, E-swab, BPS and catheter tip samples, respectively.
Agreement between inoculation methods
We analysed the ability of different inoculation methods (i.e. the WASP, manual and PREVI Isola methods) to separate the different types of bacterial species from the clinical specimens. The results of the culture were considered to be concordant if the change in c.f.u. ml À1 between the grown micro-organisms was not different by more than one scale on the corresponding reading grid.
Quality of isolation
We evaluated the quality of the isolation using a standardized scoring system as described previously [8] . Briefly, the isolation quality was divided into four categories: very poor (QIS1), poor (QIS2), fair to good (QIS3) and very good to excellent (QIS4). This scale was based on the following characteristics: the number of isolated colonies, the need for subculture to continue the identification and the susceptibility testing, the ability to distinguish different types of colonies in polymicrobial samples and the distribution of colonies over the entire agar surface. Three independent investigators have been trained to use this scoring system. They agreed over a 3-day period by comparing their classification results on routine cultures (data not shown). Then, this four-category QIS was applied through the blinded reading of all the clinical specimen positive cultures included in the study.
Risk analysis
We identified the risks using a 5M model. Hazard classification and control were carried out using the generic method developed by the United States Department of Defense [17] .
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.02 software (GraphPad Software, Inc., La Jolla, CA, USA). The 2 test or Fisher's exact test were used for comparisons of the number of QIS scores obtained from the different inoculation methods. A P value <0.05 was considered statistically significant.
RESULTS
Cross-contamination
No contaminant was observed on either the sterile plates or those inoculated with E. coli or K.pneumoniae.
Measurement precision
The WASP instrument showed repeatable results. Using the 10 µl urine protocol, the expected number of colonies was 10. It varied between 7 and 28 (mean=15; SD=4, CV % =29 %). The WASP instrument also showed reproducible results. With the 10 µl urine protocol, the expected number of colonies was 100. It varied between 46 and 97 (mean=74; SD=13, CV %=18 %). With the 30 µl catheter protocol, the expected number of colonies was 300, and it varied between 146 and 300 (mean=220; SD=39; CV % =18 %) on COH agar plates. On Drigalski plates, the number of colonies was between 90 and 235 (mean=168; SD=50; CV %=30 %). During the reproducibility study, we did not show a regular decrease in the bacteria count that could have been attributed to preservation by freezing. Thus, we estimated the measurement uncertainty to be at least equal to 1.8Â10 3 c.f.u. ml À1 for a suspension of E. coli at 10 4 c.f.u. ml
À1
.
Enumeration reading grids Fig. 1 shows the automated reading grids that we developed for the WASP inoculation system according to the inoculation protocols. There was no difference between the different monomicrobial suspensions for the quantification obtained (data not shown). The photographs selected were of E. coli and P. aeruginosa for urine samples and BPS, respectively, and two of S. aureus for swabs and catheter tips. The colony counts were the same for non-selective media, such as COH, TS, or chocolate agar; moreover, Drigalski agar showed 10-to 100-fold lower concentrations of E. coli and P. aeruginosa than TS agar. No differences were observed between the CNA and COH agar for the S. aureus and S. pneumoniae isolate colony counts. 3 Haemophilus influenzae on manually streaked chocolate agar, although those automated methods were sterile. These four discordant results were not clinically significant because the positive cultures were interpreted as colonization and not infection by the patients' physicians. We did not find significant differences in the colony counts between the three methods tested in either the analysis of the clinical specimens or the artificial bacterial suspensions. Finally, the agreement between the automated and manual methods was high [68 samples of the 72 tested, 94.4 % (CI 95%: 89.2-99.7 %)]. The agreement between the WASP and the PREVI Isola was 100 %.
Quality of isolation
The agreement between the QIS assigned by the three investigators was 100 %. Compared to the manual method, the WASP instrument resulted in a better QIS4 score (P=0.020) when the 54 clinical specimens with positive cultures were analysed (Table 2 ). No significant difference was shown between the WASP and PREVI Isola instruments. However, when only polymicrobial specimens were considered, the WASP instrument produced a significantly higher QIS4 score than the PREVI Isola (P=0.014) and manual (P=0.037) methods. The PREVI Isola and manual methods did not result in significantly different results (P=0.77). The WASP instrument produced QIS1 or QIS2 scores for 8 out of the 53 non-sterile clinical samples (15 %). This occurred in five cases for samples with more than 10 6 c.f.u. ml À1 of Proteus mirabilis (four urine samples and a wound swab).
Risk analysis
A risk level of high, serious, medium or low was assigned as a combination of the severity and the probability of the occurrence of each risk (Table 3) . These risk levels have defined priorities for risk decision-making when the WASP system is routinely implemented.
DISCUSSION
Automation constitutes one of the most promising enhancement solutions for clinical bacteriology laboratories; this solution should be implemented within the framework of the current mandatory certification procedure [1, 18] . We report here the first evaluation of the WASP automated plating instrument according to ISO 15189 quality standards.
In this study, the WASP instrument did not produce contamination between successive samples. Unlike the previously reported studies, we deliberately included a hypermucoviscous K. pneumoniae strain that could have clung strongly to the loop [12, 14, 15, 19] . Despite this challenging strain, the loop sterilization system between consecutive samples seemed to be effective. Nevertheless, the inoculation system is not changed or sterilized between successive agar plates streaked for the same specimen and if one of the first agar plates had been contaminated prior to inoculation, the contamination would have been transmitted to subsequent agars.
As previously reported [8] [9] [10] 13] , we showed that the automated WASP system was more efficient than the manual method for optimal isolation quality, as estimated by the quality score from Froment et al. Compared to their results [8] , we identified a lower percentage of QIS2 and QIS3 classes from the manual method (48 vs 81 %). This could be at least partially explained by the lower proportion of polymicrobial specimens in our study (52 vs 77 %). In addition, we analysed all the plates of a sample as a whole. This way of conducting the analysis of the cultures improves the QIS score calculated per sample. An alternative solution to improve the colony isolation from polymicrobial specimens is the use of selective media, such as Drigalski or CNA agar. Interestingly, we observed a two-log decrease in the number of colonies of targeted bacterial species when using the corresponding selective plates in comparison to non-selective agar plates. Thus, this last category of agar plates should be used to count the different types of colonies after their identification on selective media.
We confirmed that the differences in the performance of different inoculation systems, especially the manual vs automated methods, were particularly noticeable for polymicrobial samples [20] . Thus, the WASP system appeared to be more efficient than the PREVI Isola system in obtaining enough colonies to perform identification and susceptibility testing as necessary. Otherwise, we noted that a significant load of P. mirabilis was detrimental to the quality of the isolation procedure. These results were consistent with recently published data supporting the view that the performance of the WASP is inferior to that of the comparable automated system (InoquIA) when the bacterial load reaches or exceeds 10 8 c.f.u. ml
À1
, with the performance differing according to the bacterial species tested [12] . Nevertheless, one advantage of the WASP system is the ability to change the streaking pattern by adjusting the spacing or length of the striations. Thus, another recent study confirmed that two different streaking patterns available on the WASP system yielded significantly different results when the number of single colonies from the mixed cultures was considered [20] . Such modifications of the streaking pattern could have improved our results.
A key recommendation of the ISO 15189 standard is to verify that the different methods implemented in a clinical laboratory for the same analysis produce similar results for the same sample. Our study was the first study to show an acceptable correlation between the culture results produced by two automated methods used routinely in our laboratory and a manual backup method. Further, our work has shown that the quantitative interpretation of bacterial cultures should be used with caution. Quantitative bacteriuria is a major criterion for the diagnosis of urinary tract infections [21] [22] [23] . Similarly, quantitative interpretation of BPS cultures is recommended for the diagnosis of ventilator-associated pneumonia [6, 24] . The evaluation of measurement uncertainty in colony counts has been discussed in other specialities, such as food microbiology (ISO/TS 19036 : 2006) or water quality (ISO 29201 : 2012), but, to the best of our knowledge, it has never been reported in clinical microbiology. We showed that the measurement uncertainty associated with an automated plating instrument was at least 20 % for a bacterial suspension estimated at 10 4 c.f.u. ml
. This uncertainty in microbiological methods is usually structured into two components: (i) distribution uncertainty (also called intrinsic variability) resulting from the random distribution of micro-organisms in the sample and (ii) technical uncertainty (also called operational variability) resulting from uncertainties in the different technical steps of the analysis.
Based on the within-laboratory reproducibility of the data, our experiences have evaluated the uncertainty related to the culture media, incubation and inoculation patterns. Thus, we showed that the precision of the bacterial colony counts did not depend on the loop used (CV %=18 % for both 10 and 30 µl loops), while Drigalski selective medium should not be used (CV %=30 %). However, in clinical bacteriology, the intrinsic variability is also affected by the presence of an antibiotic in the sample or the viscosity differences that may exist between a sample that is purulent and one that is not. In addition, the measurement uncertainty is probably greater for lower bacterial concentrations, as seemed to be suggested by our repeatability results with a bacterial suspension of 10 3 c.f.u. ml À1 and a 10 µl loop protocol (CV %=39 %). Indeed, the CV % of reproducibility experiments is generally higher than that of repeatability experiments that do not consider the variability related to the environment and the reagent batches. We believe that our study noted that the evaluation of the number of bacteria in a sample must be considered as an estimated and not a quantitative variable along a continuous scale of values. A grey zone should be defined around the thresholds used for diagnosis of infections that would consider these measurement uncertainties. In daily clinical practice, susceptibility testing could be performed even if the bacterial count is found in this grey zone below the pathological threshold.
During this study, we established new inoculation methods and corresponding reading grids that allow rapid sample management and interpretation of culture results from several common and clinically relevant types of specimens, such as BPSs, catheter tips, or wound samples (Fig. 1) . Our methods for BPS will deliver a semi-quantitative evaluation with a single calibrated loop without using serial dilution, which constitutes a significant simplification [6] . Similarly, *The quality of the isolation was assessed using a score system that was described previously [8] : very poor (QIS1), poor (QIS2), fair to good (QIS3) and very good to excellent (QIS4).
†The WASP instrument yielded significantly more QIS4 scores compared to the manual method (P=0.020), but not the Previ Isola method (P=0.063). ‡Three monomicrobial urine cultures were sterile with the manual method and positive with the automated ones. One BPS culture was sterile with automated methods but yielded an H. influenzae culture with the manual one. The sterile cultures were analysed as 'very poor isolation' (QS1).
Fihman et al., Journal of Medical Microbiology 2018;67:1581-1588 modification of the method described by Brun-Buisson et al. [16] will automate the culture of catheters, which is time-consuming using the manual method.
The major findings of this study can be summarized as follows: (i) the implementation of the WASP inoculation system improved the quality of bacterial isolation compared to an older automated system, such as PREVI Isola, and a manual method; (ii) the performance verification was in accordance with the ISO 15189 rules and demonstrated that the measurement uncertainty of a calibrated suspension of E. coli at 10 4 c.f.u. ml À1 was at least 20 %; and (iii) we described new inoculation methods and corresponding reading grids for BPSs and catheter tip cultures to simplify the reporting of results. Nevertheless, our work has several limitations. First, the number of clinical samples included in the present work was relatively small; as such, our findings should be confirmed by large-scale studies that include a higher number of clinical specimens from different origins. However, the diversity of the samples tested was representative of the daily activity of our laboratory. Second, we did not evaluate the time saved by using an automated inoculation system. Indeed, the manual inoculation of agar plates and broths represents 24 % of the technician's time [25] . Nevertheless, regular interventions from a technician were necessary for maintenance, reloading the culture medium in the system and discharging inoculated media. An accurate assessment of all the steps involved in the use of the device has yet to be Finally, our study supports the use of automated inoculators, such as the WASP system, and the cautious interpretation of quantitative cultures. Seeding systems coupled with smart incubators can reduce the time required to obtain organism identification and antibiotic susceptibility testing reports [26] . Prospective clinical trials are needed to evaluate the costs and benefits of these innovative technologies for patient care.
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